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ABLATIVE ACCELER ATION OF LASER-IRRADIATED
THIN FOIL TARGETS

In the laser fusion concept, the near-isentropic implosion of the pellet fuel is driven by

the rocket-like ablation of the pellet shell. Pellet design considerations suggest that acceleration

of the shell to a velocity of —2 x iO~ cm/sec is sufficient.’ We demonstrate, here, ablative

acceleration of thin foil targets to velocities of —1 x iO~ cm/sec with good hydrodynamic

efficiency (—20%). Most aspects of ablation physics can be studied most easily with thin planar

foils rather than pellets.2 The laser intensity at 1.O6p~m is chosen at or below 10’4W/cm2 to

maximize the ablation efficiency and laser light absorption. An array of small calorimeters and

time-of-flight particle detectors surround the target to measure ablation variables. The structure

and behavior of the rear target surface is also studied with several optical diagnostics, to

confirm the acceleration and to pTovide information about the spatial and velocity distributions

across the accelerating target. The hydrodynamic behavior is found to be consistent with a aim-

pie analytical model.

* In this paper, we compare our results to a simple model which treats the one-dimensional

ablative acceleration of the target analogously to that of a rocket. During the acceleration

phase, the target (rocket) with mass M and velocity v is accelerated by the steady-state blowoff

(exhaust) of the ablated plasma (propellant) at a constant velocity u in the target reference

frame (Fig. la), i.e., Mdv/ dt——udM/ dt. This relation is integrated to yield the well-known

rocket equation,3 
, 

~ction 0
0

v/ u  — In (M,/M) , (1)
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where M~ is the initial target mass. The hydrodynantic efficiency ‘le Is deAned as the directed

energy of the accelerated foil divided by the absorbed laser energy, is., ,p5 — .

Usin$ Eq. (1) and the fact that the rate of absorbed laaer energy mustbsbalanc,d by the

energy dissipated in the ablation and acceleration of the target (neglecting radiative losses), we

obtain

(v/u)2
exp(v/u)—1. (2)

For small fractional mass loss, these equations reduce simply to

~Pa ~~~‘ v/U ~ £M/A~ , (3)
where £M — A4—M . Note that these equations contain no explicit assumptions about heat

transport or density and temperature profiles4 ~ This Information is lumped Into a knowledge

of the ion ablation velocity u, to be experimentally determined. It has also been shown that the

steady-state assumption is indeed valid after —l nsec for Nd - laser pulses ‘

Equations (1) and (2) , relating the ablation variables, are plotted in Fig. 2b (solid lines).

When the target velocity becomes comparable to the ablation velocity, the hydrodynamic

efficiency increases to a maximum of 65%, where 80% of the initial mass is ablated.7 However,

the data presented below is obtained for cases where Eq. (3) applies, i.e., for u/v >1.

The ablation pressure (thrust ) Pa exerted on the target (rocket) by ablation, for a one-

dimensional ablation, is given by mdv/dt, where m is a mass per unit area. This yields the rela-

tion

— 24/u, (4)
where 4 is the effective absorbed laser flux. For the laser fusion application, an important con-

slderation is to optimize the hydrodynamic efficiency by varying the pressure or Irradlance. PcI-

let design considerations fix a well -defined relationship between ,p~ and P,, for a given laser
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wavelength. Figure lb shows a hypothetical example. As the laser flux decreases, the ablation

pressure drops and the efficiency (and thus pellet gain ) increases. Since the shell aspect ratio

R /~R, is inversely proportional to P~, there is a lower limit to the pressure , given by the

Rayleig h-Taylor instabilit y (dashed line). Our experiments are a first attemp t to find that

optimal point for 1.06 ~sm radiation which maximizes efficiency with acceptable stability.

Several diagnostics are used in these studies to measure the ablation and acceleration pro-

perties required for a compar ison with the model. Thin foil targets are irradiated at

0.3—1 x l0’3W/cm2 throu gh an aspheric //10, 1-meter lens by locating the target several millim-

eters out of best focus towards the lens, thereby increasing the irradiated area and unifor mity of

illumination. Both the spatial and temp oral focal distributions are known over 4 decades in

intensity.2 Laser light absorption exceeds 80% as measured with a box calorimeter and discrete

minicalor imeters. 2 Figure 2a is a typical example of ablative acceleration data with a 1 S-Mm

thick CH foil at 10’3W/cm2. The angular distributions of the ion energy and velocit y on the

laser side, and the accelerated target material , are measured with the minica lorimeters and
k

time-of-flight detectors. The time-of-flig ht detectors exhibit the single narrow velocity distribu-

tio ns characteristic of ablat ion4 (on the laser side ) and accelerated target. The observed average

* ion ablation velocity u (3.3 x l0’cm/scc, averaged over all angles on the laser side ), and the final

average target velocity (5.1 x l0’cm/sec) are consistent with results using the optical diagnostics

discussed below. The hydrodynamic efficienc y s~~ (6.6%) is directly obtained from the integra-

tion of the angular energy distributions. Finally, the fraction of the mass ablated (0.25) is

inferred from the proper angular integration of the energy divided by the square of the velocity .

The ablated mass and velocit y are mostly a function of irradiance and pulse duration.

Therefore, it is possible to control the fraction of the mass ablated , and obtain different values

for the final target velocities and hydrodynamic efficiencies, by varying only the initial foil
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thickness. These experimental results are shown in Fig. 2b, together with a comparison with

the rocket model. The dashed line in Fig. 2b is a correction introduced in the one-dimensional I
model to account for the experimenta lly observed effective ion blowoff angle of 40 to the tar-

get normal. Only the target motion and the momentum transferred normal to the target sur-

face are compared in this model. The high absorption fraction of the incident laser light (80%),

combined with the efficient (~~20%) ablative accelerion to high velocit y (—IO~ cm/icc)

observed so far, at these irradiances, is encourag ing.

The ablation pressures inferred from Eq. (4) are respectivel y 1 and 3 Mbars, for the 450-

and 230-Mm laser spot size cases (irradiancea of 3x10’2andlx IO’3 W/cm2 ) and thick foils.

Edge effects become important when thin targets are accelerated a distance comparable to the

laser spot diameter. In this case , the laser energy flows towards the side as well as towards the

accelerated target. Edge effects are experimentally observed as an increase in the effective 
-

diameter of ablated material beyond the laser spot size with a correspondin g decrease in the

penetration depth of the thermal wave into the material . It should be emphasized , however ,

that the scaling between the ablation variables is stil l valid even when the ablated thickness of

material becomes foil thickness dependent. More details about measurements of edge effects, -

lateral and axial heat transport in general are described in Ref. 2.

Some of the structure and behavior of the rear surface of the foi l1 obtained during the

acceleration phase with opt ical diagnostics are shown in Fig. 3. Figure 3a shows three edge-

view shadowg ram frames , taken with a short-duration probe beam ( —400 psec, 5320 A ) at

different times with respect to the peak of the main laser pulse. From a series of shadowg rams,

the displacement and, consequently, the velocity of the rear surface Is obtained as a function of

time. Velocity data from frame and streak shadowgraphy, as well as an asymptotic velocit y

obtained from Fig. 2 are compared in Fig. 3b. The streak shadowgraphy data Is obtained using
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the non-shortened 5320 A probi ng beam as a backlighting source. The smooth and continu ous

acceleration of the rear surface seen in Fig. 3b ( —10’5cm/sec2 ) is consistent with the applied

r pressure Inferred fro m Eq. (4) , and can not be easily explained by other phenomena such as

shock wave or spallation. The Doppler shift , and thus velocity of the cold rear surface of the

target is measured by imaging the short-duration probe light reflected from the rear target sur-

face onto the entrance slit of a stig matic spectrograph. Figure 3c shows the Doppler inferred

velocity profiles at tim es - 0.8 nsec and +0.2 nsec relative to the peak of the main laser pulse

for a i-Mm thick Al target. At the later time, a slug of material comparable to the laser spot

size has apparently broken away from the rest of the target and is accelerated to a nearly spa-

daily uniform velocity of —10’ cm/icc, consistent with the model.

To conclude, it has been shown that in the long pulse, low irradiance regime considered

here, thin foil targets can be ablatively accelerated up to —iO~ cm/sec with good hydrodynamic

efficiency ( —20 S)  These results are in reasonable agreement with the simple analogy to a

rocket and are encouraging for the laser fusion application. Future experiments will deal more

fully with laser beam uniformity requirements and the stability of the accelerated foils.

* The authors gratefully acknowledge the contributions of 3. Boris, S.H. Gold, I. Grun, iA .

Stamper, R.R. Whitlock and F.C. Young. This work is sponsored by the U.S. Dept. of Energy.
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(b)

HYDRODYNAMIC EFFICIENCY nh
1 — (a) Ablati ve acceleration of thin foils. The ion ablation velocity u is defined In the accelerated loll frame. (b)

Schemat ic relationship between ablation pressure and hydrodynamic efficiency. Targets can be stably accelerated above
the dashed line.
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PIg. 2 (a) Typical ablative acceleration data. The average ion ablation velocity ii. the final target velocity v, the hydro-
dynamic efficiency ~ and the mass fraction ablated LM/M~ are inferred from the angular distributions of energy and
velocity. Nose the change of scales on lbs rear versus the front. For this e*ampte the Ni -laser parameters were
I x lO’3WIcm2 over a 230 i m spot diameter for 3 n.ec (PWHM). (b) Ablative acceleration: comparison of eaperi-
meni and model. Black and open data points correspond respectively to 

~ and LU/U.. E*periments were done with
varying foil thickness and spot diameters. The error bars are the larger of either standard deviation or estimated meas-
urement uncertaintlea. 8
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LASER SHADOWGRAPHY
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~~~ 
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0 - ’ —•- • I I I
— 400 — 200 0 200 400

RADIUS (pm)
— - Fig. 3 — Dynamic of ablative ly accelerated targets. (a) Frame sh adowgrams or irradiated CH roi ls at selected times

w ith respect to the peak of the laser pulse. (b) Rear surface velocity versus time obtained with streak (solid line) and
frame (black circles ) shadowgr ap hy. and asy mptotic time-of-flight velocity determination. (c) Dnppler.shi ft velocity
pro files across the rear surface of a 7-~sm .41 target for the same laser parameters as in (b) above and Fig. 2a. Note
t hat the FWHM of the velocity profi le at +0.2 ns is equal to the laser spot size within e ,cperimen ial accuracy.
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